The meiotic cycle reduces ploidy through two consecutive M phases, meiosis I and meiosis II, without an intervening S phase. To maintain ploidy through successive generations, meiosis must be followed by mitosis after the recovery of diploidy by fertilization. However, the coordination from meiotic to mitotic cycle is still unclear. Mos, the c-mos protooncogene product, is a key regulator of meiosis in vertebrates. In contrast to the previous observation that Mos functions only in vertebrate oocytes that arrest at meiotic metaphase II, here we isolate the first invertebrate mos from starfish and show that Mos functions also in starfish oocytes that arrest after the completion of meiosis II but not at metaphase II. In the absence of Mos, meiosis I is followed directly by repeated embryonic mitotic cycles, and its reinstatement restores meiosis II and subsequent cell cycle arrest. These observations imply that after meiosis I, oocytes have a competence to progress through the embryonic mitotic cycle, but that Mos diverts the cell cycle to execute meiosis II and remains to restrain the return to the mitotic cycle. We propose that a role of Mos that is conserved in invertebrate and vertebrate oocytes is not to support metaphase II arrest but to prevent the meiotic͞mitotic conversion after meiosis I until fertilization, directing meiosis II to ensure the reduction of ploidy.
I
n sexually reproducing organisms, genomic integrity through successive generations is maintained by the coordination of meiosis and mitosis (1) . Meiotic cell cycles are characterized by two consecutive M phases, meiosis I and meiosis II, without an intervening S phase, and result in the production of haploid gametes. Fertilization recovers full ploidy, and after the completion of meiosis II, the embryonic mitotic cell cycle that consists of alternating S phase and M phase proceeds in a zygote cell. It is unclear, however, how the conversion from the meiotic to the embryonic mitotic cell cycle is directed.
Mos, the c-mos protooncogene product, is one of the central regulators of meiosis in vertebrate oocytes (1) . It was originally described as a cellular homolog of viral Mos that, when expressed ectopically, could induce the oncogenic transformation of vertebrate somatic cells (2) . Biochemically, Mos functions as an mitogen-activated protein kinase͞extracellular signalregulated kinase kinase (MEK) kinase [MEKK or mitogenactivated protein kinase kinase (MAPKK) kinase, MAPKKK] that directly phosphorylates and activates MEK, which in turn phosphorylates and activates MAP kinase (3) (4) (5) (6) . To date, normal Mos expression and function have been restricted to vertebrate oocytes that arrest at metaphase of meiosis II (metaII) during maturation (see refs. 1 and 6). It has been well established that a universal role of Mos in vertebrate oocytes is to cause metaII arrest by acting as an essential component of a cytostatic factor (1, (6) (7) (8) (9) . In Xenopus oocytes, Mos is further required for meiosis reinitiation (10, 11) and for normal meiosis I to II transition (12, 13) . Mos accomplishes the meiosis I to II transition through premature reactivation of cyclin B-Cdc2 kinase, a universal inducer of M phase (14) , thereby preventing DNA replication (i.e., entry into S phase) after the completion of meiosis I (15) . On the basis of these observations, it has been proposed that the ultimate biological function of Mos during meiosis is to prevent undesirable DNA replication or parthenogenetic activation before fertilization, thus enabling the reduction of chromosome number (1, 6, 15) . However, it is still unclear how the meiotic and the embryonic mitotic cycles are coordinated by Mos. Furthermore, in invertebrate oocytes that differ from vertebrate oocytes in that they lack metaII arrest, there has been no evidence for the existence of Mos or any other factor that could regulate the conversion from the meiotic cycle to the embryonic mitotic cycle.
Fully grown immature oocytes of the starfish are arrested at prophase of meiosis I (16, 17) . Once meiosis is reinitiated, in the absence of fertilization, starfish oocytes proceed completely through meiosis I and II to produce interphase-(egg pronucleus stage) arrested haploid eggs. In these mature eggs, MAP kinase activity is required for preventing onset of the embryonic mitotic cycle (16, (18) (19) (20) (21) . This notion is supported by observations that fertilization causes its immediate inactivation; in the absence of fertilization, a MAP kinase cascade inhibitor enables starting of the embryonic mitotic cycle; and constitutive activation of MAP kinase prevents release from arrest at the egg pronucleus stage even though fertilization occurs. However, MAP kinase is activated much earlier than the egg pronucleus stage, that is, soon after the activation of cyclin B-Cdc2 at meiosis reinitiation, and remains at elevated levels of activity throughout meiosis I and II (18) (19) (20) , suggesting another role(s) for MAP kinase in starfish meiotic cycles.
In the present study, we have searched for an upstream regulator of MAP kinase in starfish oocytes and have isolated, to our knowledge, the first invertebrate homolog of mos. The ablation and restoration of Mos revealed that starfish oocytes already have a competence to progress through embryonic mitotic cycles at the end of meiosis I, yet are detoured to meiosis II by Mos, which prevents conversion to the embryonic mitotic cycle. On the basis of these findings, we propose that a role of Mos that is conserved in vertebrate and invertebrate oocytes is to coordinate the conversion from the meiotic to the embryonic mitotic cycle.
Materials and Methods
Oocytes and Eggs. Immature oocytes were isolated from the starfish Asterina pectinifera and were treated with 1 M 1-methyladenine (1-MeAde) to undergo maturation as described (19) . Some of 1-MeAde-treated oocytes were further treated with 50 M U0126, an MEK inhibitor, during the limited period from metaI to metaII. In some cases, mature eggs with female pronuclei were inseminated. Oocyte extracts for immunoblots and histone H1 kinase assays were prepared as described (22) . The kinase assay mixture was incubated for 30 min at 25°C, and the reaction was terminated by the addition of 4 l of 4ϫ concentrated SDS͞PAGE sample buffer followed by boiling for 5 min. Samples were run on a 12.5% SDS͞PAGE, and the gel was autoradiographed with x-ray film (RX-U, Fuji Film). The radioactivity of the excised histone H1 bands was quantified by using a liquid scintillation counter. In starfish oocyte extracts, histone H1 kinase activity represents the Cdc2 activity, and that derived from Cdk2 constitutes less than 1͞100 of the total activity (see ref. 22 ).
DNA Synthesis Assay. Aliquots of 15-20 oocytes were pulse labeled with 1 mM BrdUrd in seawater for 30 min. The oocytes were then extracted and fixed for immunofluorescence as described (19) . After the denaturation of DNA with 2 N HCl, the incorporated BrdUrd was visualized to monitor DNA synthesis.
Microinjection. Microinjection was performed as described (24) . Oligonucleotide phosphorothioates used for sense and antisense mos were 5Ј-ATGCCTTGCGACACGGC-3Ј and 5Ј-GCCGT-GTCGCAAGGCAT-3Ј, respectively. Immature oocytes were injected with 35 pg of one or the other oligonucleotide dissolved in 13 pl of sterilized and distilled water, 50 pg (in 100 pl) of the GST-Mos recombinant protein, or 295 pg (in 230 pl) of the ⌬N-STE11 protein. At various times after 1-MeAde addition, 6 recipient oocytes were recovered in 5 l of seawater for immunoblots, mixed with 5 l of 2ϫ concentrated SDS͞PAGE sample buffer, and boiled for 5 min. For histone H1 kinase assay, 5 recipient oocytes were recovered in 2 l of seawater, added with 6 l of extraction buffer, and immediately frozen in liquid nitrogen. For immunofluorescence against BrdUrd and ␤-tubulin, 15-20 recipient oocytes were recovered.
Antibodies, Immunoblotting, and Immunofluorescence. Polyclonal anti-starfish Mos antibodies were raised in rabbits against the GST-Mos fusion protein and purified as described (22) . Other antibodies used were anti-starfish cyclin A, cyclin B, and Cdc25 (22) , anti-MAP kinase (19) , antiphospho MAP kinase, and antiphospho-Tyr-15 of Cdc2 (New England BioLabs). After incubation of Immobilon (polyvinylidene difluoride) membrane (Millipore) with alkaline phosphatase-or peroxidaseconjugated secondary antibodies, signals were visualized by a 5-bromo-4-chloro-3-indolyl phosphate͞NBT phosphatase substrate system or enhanced chemiluminescence (Amersham Pharmacia). For tubulin immunofluorescence, 15-20 oocytes were extracted for 15 min at room temperature with a buffer containing 21.25 mM imidazole, 8.5 mM KCl, 8.5 mM EGTA, 0.85% Triton X-100, 0.17 mM PMSF, 17% glycerol, and 15% methanol, pH 6.9, and then attached to BioBond-(2% in acetone; British Bio Cell, Cardiff, U.K.) coated coverslip, followed by the procedure as described (25) . The specimens were labeled by monoclonal anti-␤-tubulin antibody (N357, Amersham) and then FITC-conjugated goat anti-mouse IgG (Cappel). The DNA in the extracted oocytes was then stained with 0.1 mg͞ml 4Ј,6-diamidino-2-phenylindole.
Results and Discussion
Identification of Starfish Mos. In starfish oocytes, the MAP kinase activity depends on continuous protein synthesis throughout meiotic cycles, although MAP kinase and its direct activator, MEK, are already present in immature oocytes (ref. 19 ; K.T., unpublished observations). As a possible MEKK in starfish oocytes, we initially isolated cDNA clones of starfish homolog of raf, but the activity of Raf was independent of continuous protein synthesis (K.T., unpublished observations). Alternatively, a major protein synthesis-dependent MEKK in vertebrate oocytes is Mos, and its possible presence in invertebrates has been discussed (1, 7, 15) . We have then screened a starfish oocyte cDNA library and isolated cDNA clones encoding starfish homolog of mos. The longest clone encoded a protein of 351 amino acids with a predicted molecular mass of 39 kDa (Fig. 1) . Starfish Mos shared about 40% identity with vertebrate Mos. It is noted that the third amino acid residue is Cys in starfish Mos instead of Ser, which is conserved among vertebrate Mos and whose phosphorylation is required for stability of Mos in vertebrate oocytes (26) . However, the injection of the GST-starfish Mos fusion protein induced meiosis reinitiation in immature Xenopus oocytes and also cleavage arrest in two-cell stage Xenopus blastomeres (data not shown). These observations indicate that starfish Mos is a functional homolog of Xenopus Mos.
In addition to starfish mos, a search for the Drosophila genome sequence database indicated the presence of a presumptive mos homolog (personal communication, Christian Lehner of University Bayreuth; DNA Data Base in Japan͞European Molecular Biology Laboratory͞GenBank, accession no. AAF58463). Thus, the presence of Mos in invertebrates, whose oocytes do not arrest at metaII but stop at metaI (Drosophila) (see ref. 1) or at the egg pronucleus stage (starfish) unless fertilized (see ref. 16 ) necessitates a reconsideration of the role for Mos in meiotic cell cycle progression.
Immunoblots with anti-starfish Mos antibody revealed that starfish Mos was newly synthesized just after germinal vesicle breakdown (GVBD), an indication of meiosis reinitiation, and its appearance coincided with the initial activation of MAP kinase during meiotic maturation ( Fig. 2A) . Thereafter, the presence of Mos was accompanied by MAP kinase activity. Mos remained through both meiotic cycles, unless fertilization occurred, and disappeared after fertilization when MAP kinase was also inactivated. The injection of the recombinant GSTstarfish Mos protein into immature starfish oocytes induced MAP kinase activation (Fig. 2B) but not GVBD (data not shown). In contrast, injection of an antisense mos oligonucleotide into immature oocytes prevented both Mos synthesis and MAP kinase activation after stimulation with 1-MeAde, the starfish maturation-inducing hormone, although GVBD occurred normally in the injected oocytes ( Fig. 2C; see also Fig.  3A) . Thus, Mos is a MAPKKK in starfish oocytes, indicating that biochemically Mos functions as a universal MAPKKK in both vertebrate and invertebrate oocytes, irrespective of whether they arrest at metaII.
Role for Mos in Starfish Meiotic
. This makes a contrast to the previous observations in Xenopus oocytes in which Mos is required for meiosis reinitiation (10, 11) , although MAP kinase activation has been recently reported not to be essential for meiosis reinitiation in Xenopus oocytes as well (27, 28) . To identify a physiological role for Mos in invertebrates, we monitored the fate of Mosdeficient starfish oocytes after meiosis reinitiation. In oocytes that had been injected with the antisense mos and then treated with 1-MeAde, the first polar body was occasionally emitted after GVBD, and almost normal formation of the first meiotic spindle (Fig. 3A, MetaI; in contrast, see Fig. 4A Left for an unsuccessful emission). Thereafter, however, the second polar body was not detected, and a normal second meiotic spindle failed to form (Fig. 3A, MetaII) . Because the chromosomes were condensed but rather dispersed in the cytoplasm of oocytes lacking second meiotic spindle, we have monitored the dynamics of histone H1 kinase activity to follow cell cycle progression. Surprisingly, in 1-MeAde-treated Mos-deficient oocytes, histone H1 kinase activity oscillated through more than three cycles after the initial activation and inactivation corresponding to meiosis I (Fig. 3B) . This pattern, which resembled that seen in fertilized eggs undergoing embryonic mitotic cycles, was in marked contrast to control sense mos-injected oocytes, in which oscillation of histone H1 kinase activity after meiosis I was limited to a single small peak.
Almost in parallel with histone H1 kinase activity, levels of cyclin B and A proteins oscillated after meiosis I in Mos-deficient 1-MeAde-treated oocytes (Fig. 3C) , supporting also that the injection of the antisense oligonucleotide has no obviously deleterious effect on protein synthesis. Detailed analysis of the regulation of cyclin B-Cdc2 revealed, however, that Tyr phosphorylation of Cdc2 was detected whenever the levels of histone H1 kinase activity dropped, including the end of meiosis I, and that the levels of Cdc25 phosphorylation oscillated in parallel with histone H1 kinase activity (Fig. 3C) . Thus, cyclin B-Cdc2 was inactivated through the inhibitory phosphorylation of Tyr residue in each cycle, including the one immediately after meiosis I. These features in Mos-deficient starfish oocytes are in contrast to the normal meiosis I to II transition, during which Cdc25 remained phosphorylated, Tyr phosphorylation of Cdc2 was undetectable, and only a small peak of cyclins B and A was seen ( Fig. 3C; see ref. 22 ).
What can be deduced from the cell cycle regulatory features in Mos-deficient starfish oocytes? Typically in early embryonic mitotic cell cycles, which consist of alternating M phase and S phase, histone H1 kinase activity fluctuates repeatedly with a peak at each M phase, and after exit from each M-phase, cyclin B-Cdc2 is reactivated after a lag period that is caused by its inactivation by Tyr phosphorylation of Cdc2 (22, 29, 30 ; reviewed in refs. 31 and 32). In contrast, in meiotic cell cycles, which consist of two consecutive M phases without an intervening S phase, histone H1 kinase activity exhibits only two limited peaks, and the entry into meiosis II after meiosis I is characterized by a unique regulation in which cyclin B-Cdc2 is immediately reactivated by bypassing the inhibitory Tyr-phosphorylationdependent lag seen in the mitotic cycles of early embryos (15, 22, 30, 33) . Considering these differences between mitotic and meiotic cell cycles, the behavior of Mos-deficient 1-MeAdetreated starfish oocytes indicates that in the absence of Mos, the regulation of cyclin B-Cdc2 might be converted from the meiotic type of control to the mitotic type immediately after the completion of meiosis I. The requirement of Mos for spindle formation needs further study.
In agreement with this notion, DNA replication was occasionally observed immediately after meiosis I in Mos-deficient 1-MeAde-treated unfertilized oocytes and was always seen at later times whenever the minimal levels of histone H1 kinase activity were reached (Fig. 3D) . The reason why DNA replication was not always detectable immediately after meiosis I could be explained by the fact that the ability to replicate DNA is acquired around meiosis I to II transition during starfish oocyte maturation (19) . Once the ability is acquired, it is presumed that only the absence of the Cdc2 activity results in DNA replication during embryonic mitotic cycles because of continuously active DNA replication machinery (see refs. 15, 30, 34) . Our data indicate that in the absence of Mos, embryonic mitotic cell cycles might start immediately after completion of meiosis I in unfertilized oocytes and continue thereafter. Consistently, furrow formation and cleavages that resemble those seen in early embryonic mitotic cycles were observed occasionally in Mosdeficient 1-MeAde-treated unfertilized oocytes (Fig. 3E) . Typically, starfish oocytes that were treated with 1-MeAde and then with MEK inhibitor, U0126, during the period from metaI to metaII underwent parthenogenetic development to bipinnaria larvae in the absence of fertilization (see Fig. 3F ).
To demonstrate a requirement for Mos in the execution of meiosis II, the GST-Mos fusion protein was introduced into antisense mos-injected immature oocytes. These oocytes exhib- . 4A ) and always thereafter in antisense mosinjected oocytes; in contrast, it was undetectable through 180 min continuous labeling in control sense mos-injected oocytes. Each oocyte was double stained with 4Ј,6-diamidino-2-phenylindole (DAPI). (E) Several rounds of cleavage in antisense mos-injected, 1-MeAde-treated, unfertilized starfish oocytes. Nuclear divisions and furrowing occurred normally in some blastomeres and abnormally in others within an embryo. Thus, although they were abnormal as a whole, these oocytes developed to the two-cell stage almost invariably and to the blastula stage at 10%. Presence of nucleus is shown by accumulation of FITC-conjugated BSA coupled with nucleoplasmin NLS peptide, which was injected into immature oocytes (Left). (F) Development to 64-cell stage embryo in 1-MeAde-and U0126-treated unfertilized starfish oocytes. Almost all of these embryos developed to bipinnaria larvae, even though abnormal cleavages were partially observed. Note the absence of elevation of the fertilization envelope.
ited elevated levels of MAP kinase activity (data not shown; see Fig. 2B ), and after 1-MeAde addition, they emitted two polar bodies and then arrested at the egg pronucleus stage without DNA synthesis ( Fig. 4A; compare Middle with Left), indicating the successful formation of the first and the second meiotic spindles. In these oocytes, histone H1 kinase activity exhibited only two rounds of fluctuation with the first distinct peak followed by the second relatively small peak, and Tyr phosphorylation of Cdc2 was not detected between these two peaks (Fig.  4B) . Thus, both the execution of meiosis II and the cell cycle termination after meiosis II were restored by Mos addition into oocytes, in which translation of mos had been prevented by injection of antisense oligonucleotides. Because both the recovery of meiosis II and the arrest at pronucleus stage without DNA synthesis were also seen after injection of budding yeast ⌬N-STE11 protein, a constitutively active form of MAPKKK (23), into these oocytes, the effect of Mos is likely to be performed solely through the activation of MAP kinase (Fig. 4A Right) . In addition, although we demonstrated previously that sole inhibition of protein synthesis by emetine causes entry into S phase in pronucleus stage eggs (19) , the emetine response was blocked by GST-Mos (K.T., unpublished observations). The Mos-MAPK pathway could execute meiosis II through the suppression of Myt1 (35, 36) , whereas its downstream leading to arrest at the pronucleus stage needs further study.
Role of Mos Conserved in Vertebrate and Invertebrate Oocytes. It was previously reported that in c-mos-knockout mice, the progression into meiosis II is apparently normal, and that mature eggs undergo parthenogenetic activation without a distinct metaII arrest, leading to significant development of ovarian teratomas (8, 9) . Detailed analysis of these mouse oocytes has revealed, however, that the organization of microtubules and chromosomes becomes interphase like before entry into meiosis II (37, 38) , or that parthenogenetic activation (i.e., formation of female pronucleus) occurs most frequently immediately after meiosis I rather than after meiosis II (39) . These recent observations are consistent with an earlier report indicating that loss of c-mos function in mouse oocytes leads to the decondensation of metaphase chromosomes, reformation of a nucleus after meiosis I, and cleavage to two cells (40) . These changes are all consistent with the premature initiation of mitotic cell cycles immediately after meiosis I.
In Mos-ablated oocytes of Xenopus, an interphase nucleus is transiently formed after the completion of meiosis I, and DNA replication occurs in the presence of weak Tyr phosphorylation on Cdc2 (15) . Thereafter, a monaster-like structure is formed (15) and, by inference, cyclin B-Cdc2 should be reactivated (K. Ohsumi and T.K., unpublished work). But progression through embryonic mitotic cycles or parthenogenetic development that was seen in Mos-ablated oocytes of starfish and mouse has not been reported in Mos-ablated Xenopus oocytes. Accordingly, it has been discussed that a role for Mos conserved in vertebrate oocytes is solely to prevent undesirable DNA replication or parthenogenetic activation in the meiosis I to II transition and after entry into meiosis II until fertilization (see refs. 1 and 15) . However, taking all the above into consideration, the observations in mouse, Xenopus, and starfish could be rather reconciled by the argument that in each of these cases, the ability to undergo mitotic cell cycles, with their specific mechanism of control, is already acquired at the completion of meiosis I, but Mos suppresses the mitotic cell cycles and ensures that the oocyte 5 . A role of Mos is conserved in vertebrate and invertebrate oocytes. At the end of meiosis I, the competence to undergo the embryonic mitotic cell cycle is already acquired, but Mos forces the embryonic mitotic cycle to undergo meiosis II, thus enabling the reduction of ploidy. Thereafter, Mos remains to restrain the return to the embryonic mitotic cycle, thus preventing parthenogenetic development. Fertilization resets the Mos-dependent detour of the cell cycle, leading to the recovery of the embryonic mitotic cycle. Thus, Mos is a key coordinator of meiotic͞mitotic conversion.
executes meiosis II (Fig. 5) . Mos further remains until fertilization to prevent the start of the embryonic mitotic cell cycle, resulting in well-known cell cycle arrest at either metaII in mouse and Xenopus (reviewed in refs. 1 and 6) or pronucleus stage in starfish (reviewed in ref. 16 ). The lack or disappearance of Mos cancels this inhibition, leading to recovery of the embryonic mitotic cell cycles.
In conclusion, Mos plays a conserved role in vertebrates and invertebrates as a key coordinator that negatively controls the meiotic͞mitotic conversion before and after entry into meiosis II. The ultimate biological consequence of Mos function that enables the production of haploid gametes, which is a major object of meiosis, is accomplished by diverting the cell cycle pattern from embryonic type of mitosis to meiosis II immediately after completion of meiosis I.
